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Permeable membranes are indispensable for epithelial barrier models. However, currently available polymer:based membranes are low in porosity and relatively thick, resulting in a limited permeability and unrealistic culture conditions. In this study, we developed an ultrathin, nanoporous alumina membrane as novel cell culture interface for vertebrate cells, with focus on the rainbow trout (! " Fish play an important role in environmental toxicology to assess the risk of chemicals potentially released into the aquatic environment and to test the quality of effluent samples. 1:2 Alternative approaches to reduce the number of required fish, and to prevent ethically questionable and expensive animal experimentation, include the use of primary cells and fish cell lines. 3:5 Like in human toxicology, a goal is to establish realistic tissue models in order to predict organ specific interactions of hazardous substances and to understand systemic effects. 6 Organ:on:chip devices play a key role in the development of novel, physiologically realistic systems. Moreover, the connection of these miniaturized organ analogues on a microfluidic platform allows to combine different cell types to a human:on:a:chip bioreactor. 7:10 In our research we envision a similar development to achieve a fish:on:a:chip.
The cornerstone of each organ:on:chip device is set by microtechnological innovations. In this paper we focus on the improvement of permeable membrane systems useful for epithelial cell cultures, such as the RTgutGC cell line, established from the intestine of rainbow trout (! " "# ). 11 With the fish intestine being a major organ for chemical absorption from the diet and partially from water 12:13 , an adequate system will allow to obtain insights in chemical uptake and defence mechanisms. Moreover, it will contribute to knowledge expansion for this hardly accessible organ, useful for fish physiology and aquaculture.
$ , epithelial cells are underlined by the delicate basement membrane, which separates them from the underlying tissue. The basement membrane is only a few hundred nanometre thick, elastic with a 3 dimensional shape and highly permeable. 14 In search for novel, biocompatible materials and simple, inexpensive fabrication techniques for ultrathin membranes, we here present the development of nanoporous aluminum oxide as unique interface for epithelial intestinal cells from rainbow trout. The anodization of aluminum, resulting in a highly ordered, nanoporous structure, is a well:known, low:cost and reproducible process. 28 We applied this process to very thin aluminum layers, to obtain optically transparent and mechanically robust permeable membranes. The membranes are integrated in silicon chips and have a thickness of only 1 µm and pore sizes in the nanometre range. A customized set:up for standard cell culture multiwell plates was designed to facilitate culturing of RTgutGC cells on chip. Microscopic monitoring of the cells reinsured the materials biocompatibility and revealed an epithelial layer formation in a physiological manner. To further validate the system, we exposed the artificial intestinal epithelium to chemicals and examined barrier integrity using cell:based impedance spectroscopy 29 as non:
invasive and real time monitoring tool.
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Ultrathin alumina membranes were fabricated using standard microfabrication technology.
The process flow is depicted in Figure S1 (see Supporting Information 
! ! % %
Membrane permeability of cell:free nanoporous alumina membranes was assessed in the two:
compartment system and compared to permeability of PET membranes (pore size = 0.4 µm; pore density = 1 x 10 6 pores/cm 2 ), which are integrated in the commercial insert system one, Germany), were used to represent a commonly used permeable cell culture interface. 16 If not specified, the same protocols were applied to both, alumina and PET membranes. Prior to seeding, alumina and PET membranes were coated with 50 µg/µL fibronectin (Roche, Germany) in PBS for two hours. Cells were seeded in L:15/FBS either at a low density of 20 000 cells/cm 2 for individual cell observation or at a high density of 55 000 cells/cm 2 for confluent cell layer formation. Two hours after cell seeding, media was changed to remove unattached cells in PET inserts. For alumina supports, the Si:chips were shortly washed in L:
15/FBS and placed in a new well on top of the chip holder in fresh medium. Working volumes of cell culture medium were 1 mL for Si:chips on plastic holders, while transwell inserts were filled apically with 400 µL and basolaterally with 1.4 mL. Cells were cultured for up to 28 days at 19°C and under normal atmosphere, with a media change every seven days.
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Two preparation techniques were performed to obtain SEM images from the cell:alumina membrane interaction. For top:view images, RTgutGC cells were cultured on alumina membranes for 24 hours. Thereafter, cells were washed with PBS and fixed in 2.5%
glutardialdehyde for one hour, followed by postfixation in 2% osmium tetroxide for one hour and block staining with 2% uranyl acetate for one hour with washing steps in between.
Dehydration was performed in a graded series of 30, 50, 70, 90, and 100% ethanol, followed 
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Images were taken on a Nikon TMS inverted microscope with a Nikon Coolpix P6000 digital camera.
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For immunohistochemical staining, cells were fixed with 3.7% paraformaldehyde (Invitrogen, 
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Alumina membrane holding Si:chips and PET transwell inserts were placed in an Endohm:6:
chamber (World Precision Instruments, Germany), which was connected to an impedance analyzer (Gamry Instruments, Germany). For Si:chips, a specific holder was designed to avoid direct contact of the chip with the basolateral electrode and to limit the sensing area to the region where cells were cultured on alumina membranes. This set:up resulted in 20%
leakage of the electrical current. Impedance spectra were recorded from 1 to 300 000 Hz at an amplitude of 20 mV, with highest sensitivity at 1 500 Hz (see Supporting Information, Figure   S2 ).
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As proof of concept for the sensitivity of impedance measurements through alumina membranes, we performed two chemical exposure scenarios with RTgutGC formed epithelia. Aldrich, Switzerland), an anionic surfactant used in many cleaning and hygiene products.
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We deposited a thin film of titanium on the Si:chips to prevent aluminum release from membranes. During the atomic layer deposition process, TiCl 4 (precursor of TiO 2 ) and H 2 O were sequentially exposed as vapour at 200°C; a final thickness of 2, 5 or 7 nm of TiO 2 on the whole surface of the alumina membrane was obtained.
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For determination of aluminum and titanium release from alumina and titanium coated (2, 5, or 7 nm) alumina membranes, we incubated the appropriate Si:chips in 1 mL L:15/FBS in the one:compartment system for seven days. Thereafter, medium was collected and diluted 1:10 in deionized water for high resolution inductively coupled plasma mass spectrometry (HR ICP MS, Element2, Thermo, Switzerland). The total aluminum mass was measured using isotope 27 Al. The total titanium mass was measured using isotope 47 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Ultrathin, nanoporous alumina membranes were developed with the aim to improve current epithelial barrier models, like that of the fish intestinal epithelium. The 1 µm thick, transparent membranes are surrounded by a Si:chip for mechanical support (size: 9 mm x 9 mm) and arranged as array of 21 centred squares ( Figure 1A ). Each membrane is 0.8 mm x 0.8 mm, yielding a total membrane area of 13.44 mm 2 .
The silicon chip has a total thickness of 380 µm. The membrane holding side (top side) is flat, while the bottom side is characterised by 21 micro wells, which were formed during the silicon etching process and terminate into the 21 free:standing membranes. For simple and reproducible cell culture application, the Si:chip is places on top of specially designed plastic holders. These holders are compatible with common 24:well cell culture plates and allow for media availability from both sides of the alumina membranes ( Figure 1B) . In this way, a one:compartment system is created, allowing to follow cell growth and epithelial barrier formation by microscopy and impedance spectroscopy. In addition, we generated a two:compartment system to perform permeability studies. For this purpose, the chip is attached to commercial insert holders ( Figure 1C ) and placed in 24:well cell culture plates. For future applications, the chip could also be integrated in a different insert concept, which makes use e.g. of a clamping mechanism to facilitate mounting and unmounting of the chip. 25 Moreover, chip design and membrane shape is flexible, and could be adapted for organ:on:chip applications. bottom: 36 ± 1 pores/µm 2 ). This phenomenon is attributed to the anodization process, which creates the typical, highly:ordered nanoporous structure into the aluminum layer. During anodization, pores are propagated from the top to the bottom side. 28 For anodization of thin films of aluminum, it was observed that pore channels frequently evolve a branched shape and that not all initiated pores finally reach the bottom. 34 According to these findings, a corresponding membrane porosity of 15% was calculated, based on bottom results. Compared to other fabrication techniques for ultrathin membranes, the anodization of thin aluminum films represents a fast and cost:efficient option to obtain a nanoporous material. 28 This is different from crafting of SiNx thin films with photolithography techniques, which rather 35 The choice of nanoporous or microporous membranes is strongly dependent on the final application and has to be considered in advance to experimentation.
Permeability of nanoporous alumina was evaluated in the two compartment insert system in absence of cells and compared to that of PET membranes ( Figure 3A) . The absolute amount of permeated dye (lucifer yellow or dextran FD40) or protein (bovine serum albumin) from the apical to the basolateral chamber was evaluated over 24 hours and showed faster rates for the alumina membrane ( Figure 3B ). For lucifer yellow, the smallest molecule analysed, an P app (alumina) = 6.2*10 :5 cm/s and P app (PET) = 7.5*10 :6 cm/s was calculated. For dextran formation on the alumina supports due to continued cell proliferation. Thus, we conclude that RTgutGC cells form a mature epithelium, which is ready for experimentation within 14 days of culture. This is slightly faster than maturation reported for the RTgutGC epithelium on the commercial PET membranes. 16 In addition, we could show that alumina membranes are suitable for confocal imaging through the ultrathin membrane (cells cultured on bottom side)
with the same quality (see Supporting Information, Figure S4 ). This can be beneficial for imaging of co:cultured cells. Next, cell:based impedance spectroscopy was assessed to allow non:invasive monitoring of epithelial barrier formation over time ( Figure 5C ). Therefore, Figure S5 ), in agreement with previous reports where chop:stick electrodes were used. 15, 16 Alumina supports, in contrast, exhibit much lower background values due their thinness and high porosity, and thus offer low set:up related variation among samples, improving measure accuracy substantially ( Figure 5C ). Finally, impedance values were compared with microscopical findings and additionally normalized to the resistance of day 14, where cells formed a mature epithelium ( Figure 5D ). According to this evaluation, the epithelial barrier showed the greatest changes within the first four hours, where values dropped from 100% to 60%. Thereafter, normalized values declined gradually to 44%. Control and SDS exposed cells were stained after the 24 hours treatment, confirming a changed morphology of the actin cytoskeleton for exposed cells, which is likely induced by cellular apoptosis ( Figure 6B , right images). Impedance spectroscopy was shown previously to be a suitable sensing method for water quality analysis by using the rainbow trout gill cell line, RTgill:W1, cultured directly on electrodes. 29 With the conducted experiments, we demonstrate the applicability of the method for the RTgutGC epithelial barrier system, where measurement is conducted through the alumina membrane.
Alumina (Al 2 O 3 ) is the oxidized form of aluminum, which is formed during the anodization process. We tested the release of aluminum ions from alumina membranes into fetal bovine serum containing cell culture medium, to verify unbiased usage of this metal surface for cell 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15 culture applications and toxicological studies. However, we found 717 µg/L of aluminum released from a single Si:chip into 1mL of cell culture medium during an incubation time of 7 days ( Figure 7A ). Using visual MINTEQ we predicted aluminum to be present in the form of aluminum hydroxide (~90%) or bound to Glutamate & Glycine (~10%). In general, aluminum is classified as non:priority pollutant (US EPA) due to its low toxicological impact found in humans, mammals, cell cultures and bacteria. 39 For fish, aluminum can be extremely toxic when exposed under acidic (pH < 6) or alkaline conditions (pH > 8), by impairing the ion regulation of the gills, leading to a respiratory dysfunction. 40 From these findings we conclude that alumina membranes can be used as cell culture interface without influencing cell viability and vitality, but care should be taken if pH shifts are to be expected. In addition, the released aluminum may interfere with metal exposure experiments, which are of interest in environmental toxicology. 5, 41 Thus, in order to prevent aluminum release from the membranes, we tested a surface modification by depositing a thin film of TiO 2 with atomic layer deposition (ALD) on the total membrane surface. A deposition of 2 nm TiO 2 decreased the aluminum release to 89 µg/L. For 5 and 7 nm TiO 2 films, the Al release was below 5 µg/L ( Figure 7A ). The ALD surface modification results in smaller pore sizes according to layer thickness, which might affect permeability. However, for frequently studies molecules, such as lucifer yellow, dextran 40 or bovine serum albumin, with diameters ≤ 4nm, we would not expect a significant change in permeability due to the stable, high pore density. Figure 7B demonstrates membrane morphology before and after ALD with 5 nm TiO 2 . Release of titanium was not observed.
We developed a novel type of ultrathin alumina:based membrane to serve as permeable support for an tissue model, focussing on the fish intestine. Due to their unique nanoporous structure, the new membrane was found to overcome some issues of current 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16 physiological complexity of the intestinal barrier. In addition, the alumina supports could be adapted for microfluidic bioreactors, which would allow mechanical stimulation of intestinal cells as found . For optimal analysis of epithelial barrier function, we introduced cell:
based impedance spectroscopy to measure changes in cellular resistance upon chemical exposure in real time. This bio:sensing method, in combination with alumina membranes, was found to be a sensitive endpoint for the piscine intestinal barrier, which naturally has a low resistance and therefore ideally mimics the leaky nature of the fish intestine. A limitation of alumina membranes can be seen in its release of aluminum ions. The released concentrations had no effect on cell growth or cellular behaviour, but might interfere with metal exposure or other types of experiments. A solution to the problem was found by a surface modification with titanium dioxide, which drastically decreased the undesired release.
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